Silk is usually dyed at the fabric or yarn stage. It is difficult to dye silk fibers at the cocoon stage because (1) cocoon loses its original shape and (2) dye cannot penetrate easily into the cocoon shell. This study is the first attempt at dyeing cocoons adequately while retaining their shapes. Cocoons were dyed with a reactive dye under various conditions. When the dyeing process was carried out for several hours without a surfactant, the cocoon shells were not dyed adequately from 293 K to 333 K, furthermore at 333 K the silk filaments on the surfaces of the cocoons came loose and were entangled. In contrast, the cocoon shells were almost completely dyed when a surfactant, namely, sodium dodecyl sulfate, was used; in this case, the concentration of the surfactant was greater than the critical micelle concentration. The results suggest that the use of a surfactant and an appropriate temperature are useful for dyeing cocoons.
Introduction
Silk is a unique fiber. It has a natural glossy appearance and has had a glorious history spanning several thousand years. In recent years, "bio-based polymers" have attracted considerable attention since they can be used to develop carbon neutral materials and sustainable materials [1, 2] . Since silk is a bio-based polymer, the silk industry will be a good model of new chemo-biological process. Currently, the Japanese silk industry is in decline [3] and is threatened by extinction. Then, the question that arises is how the silk culture can be preserved. To ensure the preservation of the silk culture, two things need to be urgently done: ecofriendly silk goods with added value should be produced and an efficient silk production system should be developed.
Silk is usually dyed at the fabric or yarn stage. Various studies have been conducted on the dyeing properties of silk fabric and yarn [4] . However, to our knowledge, no technological and scientific study has been carried out on silk dyeing at the silkworm cocoon stage.
When a cocoon is cut open to produce spun yarn, the fibers can be dyed easily. A few studies on the dyeing properties of divided cocoons have been carried out [5] . However, when a cocoon is not cut to produce filament yarn, the silk fibers cannot be dyed effectively by ordinary dyeing methods. If a cocoon is dyed in a boiling dye solution, the silk filaments of the cocoon come loose and the cocoon loses its original shape; this is because sericin, which is the constituent of the cocoon, dissolves in the hot water. Once the cocoons lose their original shape, reeling becomes impossible. It must be mentioned that even if a cocoon retains its shape, only the surface of cocoon can be dyed because the dye cannot penetrate into the cocoon shell.
In this study, we have attempted to dye cocoons suitably while ensuring that the cocoons retain their original shapes all through the dyeing process. To the best of our knowledge, this is the first such study of its kind. If the process of dyeing a cocoon can be controlled, silk yarn with different, unique colors can be produced. One of the ways of obtaining such yarn is by reeling cocoons of different colors together. This technique can be potentially applied to new fiber processing technologies. It can also facilitate the production of silk goods with added value. The objective of this study is two-fold-to elucidate the dyeing properties of cocoons under different conditions and to determine the appropriate conditions for retention of the cocoon shape and adequate penetration of dye into the cocoon.
Experimental
We used fresh cocoons produced by silkworms raised with mulberry leaves during every instar at Shiono-ya. The dye used was Tanakanao Procion brilliant red M-GRN reaction dye. This dye can be easily obtained and can be used even at low temperatures.
The cocoons were placed in water or in an aqueous solution of a surfactant with the temperature same as the dyeing condition (see below) for about 1 h before dyeing. The experimental setup is illustrated in Fig. 1 . Distilled water was used and the temperature and stirring rate during the dyeing process were controlled with an ADVANTEC SRS710HA hot plate stirrer.
We weighed the cocoons after removing the pupa and observed that the shell weight was 25% of the cocoon weight. The conditions of the dye bath were as follows: dye concentration, 2% o.w.f.; sodium sulfate, 40 g/L; and liquor ratio, 100:1. In addition, sodium carbonate (5 g/L) was added halfway through the dyeing process (pH 10.7). All reagents were of highly pure grade. Four cocoons were dyed at the same time.
Controlled parameters for this experiment were the dyeing temperature, dyeing time, and surfactant concentration. The dyeing was carried out under the following three sets of conditions: (1) at temperatures of 293, 313, and 333 K for 120 min without surfactant; (2) at a temperature of 313 K for 60, 120, and 240 min without surfactant; and (3) at a temperature of 313 K for 120 min with 1, 2, 3, and 5 g/L anionic surfactant sodium dodecyl sulfate (SDS).
The cocoons used for the preliminary experiments were dyed under different conditions. The example of the conditions were as follows: dyeing for 5 days; dyeing with soap; dyeing to allow the dye solution to rapidly seep into the cocoon by making the temperature difference between the interior of the cocoon and the external environment; dyeing by the use of an ultrasonic cleaning machine instead of a hot plate stirrer; and dyeing to inject the dye solution into the cocoon with a syringe. However, we did not obtain good results in the preliminary experiments and therefore the details of the results have been omitted in this paper.
After dyeing, the cocoons were rinsed with distilled water and dried at 373 K with a dryer. Then, each cocoon was cut in half at the center with a cutter, and micrographs of four sections of the cocoons were obtained (about fifty times) with an OLYMPUS SZ60 stereo microscope. Because the size of cocoons were scattered, the extent of the dyeing was evaluated from the depth of penetration of the dye molecules into the shell. The penetration depth was measured at four areas in each micrograph. The penetration depth was measured 64 times in each experiment condition and the mean value was obtained.
Result and discussion
Under all experimental conditions, the cocoon surfaces were dyed deeply, but the extent of the retention of the cocoons and the penetration depth of the dye into the inside of the cocoons were due to the condition. Figure 2 shows the penetration depth (duration of dyeing: 120 min) at different temperatures. The average shell thickness of the cocoons used in this experiment was ~ 0.7 mm. From the figure, it can be observed that the cocoons were not dyed adequately over the entire temperature range studied in this condition. The penetration of the dye increases to a certain extent as the temperature increases from 293 to 313 K. However, the penetration depth at 333 K is lower than that at 313 K. Furthermore, at 333 K, the silk filaments on the surface of the cocoon came loose and were entangled because the sericin dissolved into the hot water. Thus the 68 SAKAI Hiroshi, OHSAWA Kanako, TAKECHI Tayori, HATTORI Yoshikazu, MIZUTANI Chiyomi, YAMAZAKI Takashi cocoons lost their shape during dyeing at 333 K. The decrease in the penetration depth of the dye at 333 K was probably a result of the decrease in the cocoon thickness and the promotion of the reaction between the dye and the fiber. Since the dyed filaments came loose, the cocoon thickness decreased and the penetration depth of the dye consequently appeared to have decreased. Moreover, a high temperature promotes the reaction and fixation of the dye to the fiber. This might prevent the penetration of the dye. The silk filaments must be prevented from becoming loose since this has a detrimental effect on reeling. The results indicate that the most suitable temperature for cocoon dyeing is around 313 K. In fact, this temperature is in good agreement with that for the actual reeling process [6] . In addition, a dye that can be used at relatively low temperatures is desirable. It should be noted that the dyeing temperature has to be set appropriately considering not only the dye uptake but also the shape of the cocoon, especially if filament yarns need to be reeled from the cocoon. Figure 3 shows the penetration depth at 313 K plotted as a function of the dyeing time. We can observe that the dye penetrated less than half the thickness of the cocoon shell over the entire time range. The penetration of the dye was promoted from 60 to 120 min. From 120 to 240 min, the penetration did not advance considerably. Furthermore, even in the preliminary experiment, wherein the cocoons were dipped into the dye bath for five days at 293 K, the dye penetrated only half the thickness of the shell. This indicates that a longer dyeing time does not lead to greater penetration of the dye into the cocoon.
The inability of the dye to penetrate completely into the cocoon is probably a result of the structural difference among the shell layers. Nakashima et al. carried out experiments on dyeing silk fibroin yarn and reported that different shell layers have different dyeing properties [7] . According to them, it was more difficult to dye the inner and middle portions of the shell layer than the outer layer. They also stated that the degree of crystallinity of silk fiber is higher at a more inner portion of the cocoon shell. In addition, Min et al. reported that the number of higher adhesive point of silk fiber at the inner and middle portions of the shell layer was larger than that at the outer portion [8] . It is possible that the higher degree of crystallinity of silk fiber (sericin and fibroin) at the inner portion of the shell as compared to that at the outer portion prevents the dye from penetrating easily into the cocoon. In this case, the reaction can also affect the penetration of the dye. However, we believe that the effect of crystallinity on the penetration of the dye is greater than that of the reaction, because the penetration did not advance considerably from 120 to 240 min. In order to determine precisely the extent to which the crystallinity of silk fiber and the reaction affect the penetration of the dye, further investigation are necessary, such as the estimation of degree to which the inner parts of the fiber are dyed. Figure 4 shows the penetration depth of the dye (dyeing duration: 120 min, temperature: 313 K) plotted against the concentration of the surfactant (SDS). Figures 5 and 6 show the sectional micrographs of the cocoons for 0 g/L and 5 g/L of SDS, respectively. From Figures 4 to 6 , it is evident that penetration of the dye was promoted very well by SDS. In addition, the surface silk filaments did not come loose. The result indicates that very little sericin dissolved into the solution. Thus under this condition, the cocoons could be dyed effectively while retaining their shape. By decreasing the surface tension between the solution and the fiber, it should be possible for the dye solution to penetrate into the shell easily with little dissolution of sericin in the solution. The critical micelle concentration of SDS is 2.4 g/L [9] . The cocoon shell was almost completely dyed with SDS, whose concentration was greater than the critical micelle concentration. The SDS molecule might function as a retarder. The effect of the penetration power is more dominant in the case of cocoon dyeing. In contrast, when soap was used in a preliminary experiment, the silk fiber came loose probably because of the high alkalinity of the solution. This result shows that a neutral surfactant is suitable for cocoon dyeing. When a cocoon is cooked before reeling, a temperature difference between the inner part of the cocoon and the exterior surroundings can be created in such a manner as to allow the water to be rapidly absorbed by the cocoon [10] . Instead of dipping the cocoons in water or in an aqueous solution of surfactant before dyeing, the cocoons were first dipped in water at a temperature of 353 K for 1 min and then dipped in water at 293 K to allow the cocoons to soak completely. After that, the cocoons were dyed for 120 min at 313 K without any surfactant. The result is shown in Fig. 7 . While the outer surfaces of the cocoons were dyed completely, only some inner portions of the cocoons were dyed (indicated by an arrow). It was difficult to dye the cocoons uniformly by this method. Moreover, if thinking about the use of a pupa, for instance, it should be noted that it is more beneficial to use a surfactant in the dyeing process, since the use of a surfactant allows the dyeing process to be controlled.
Conclusion
Silk fibers from silkworm cocoons have been dyed while retaining their shapes under various conditions. It was found that in the absence of a surfactant, the cocoons were not dyed adequately over the entire condition range. When the temperature at which the dyeing process was carried out was increased from 293 to 313 K, the depth to which the dye penetrated into the cocoon increased to some extent. During the dyeing process, the silk filaments on the surfaces of the cocoons loosened and were entangled at 333 K. Furthermore, a longer dyeing duration had little effect on the penetration depth of the dye. In contrast, the cocoon shells were almost completely dyed when a surfactant, namely, sodium dodecyl sulfate, was used; in this case, the concentration of the surfactant was greater than the critical micelle concentration. Dyeing silk fibers at the cocoon stage requires new technology, one that is different from the dyeing of fabrics or yarn. In a future study, we intend to determine better conditions for cocoon dyeing. We also intend to develop a dyeing technology that uses a more ecofriendly dye/surfactant. The black part represents the dyed part. Fig. 7 Sectional micrographs of dyed cocoons; these cocoons were rapidly soaked prior to dyeing. The black part represents the dyed part. 
